Introduction
The cell walls of Gram-positive bacteria consist mainly of murein combined with polysaccharides, teichoic-and teichuronic acids [1] , whereas the cell walls of Gram-negative bacteria consists of a thin murein layer superposed by lipoproteins, proteins and lipopolysaccharides [2] [3] [4] . The lipopolysaccharides form the outer layer of the cell walls, with out being covalently linked to the rest. Therefore they can readily be extracted with detergents and phenol [5] . In case of bacterial infections, lipopoly saccharides or endotoxins are secreted into the organism, where they are highly toxic, causing fever and septic shock in addition to immunological reac tions.
* KDO = 2 Keto-3-deoxyoctonate. The carboxyl C-atom o f KDO is denoted C0. The following atoms have been numbered from 1 to 7. In this case numbers 1 to 6 are identical with the usual numbering in pyranose ring shugars.
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To find a structure-function relationship for this medically important substance, the chemical struc tures of the lipopolysaccharides of several kinds of bacteria have been investigated [6, 7] . All of them are based on a similar structural principle.
The chemical composition of the lipopolysac charide of Salmonella minnesota S [7] is shown in Fig. 1 . The O-specific polysaccharide characteristic for Salmonella minnesota S and its serological reac tions is linked to the core polysaccharide common to all species of Salmonella. The core itself is linked through its KDO trisaccharide to a lipid component termed lipid A, which is similar in all lipopolysac charides. Lipid A of Salmonella consists of two ß-1,6-linked glucosamine residues, each of which con tains a phosphate residue to which a phosphorylethanolamine or a 4-amino-L-arabinose residue may be linked [8] . The hydroxylgroups of the glucos amine residues are esterified with lauryl-, palmityl-, and D-3 myristomyristic acid residues respectively, while the aminogroups are substituted by D-3-hydroxymyristic acid [9, 10] , 
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Since the lipopolysaccharides by themselves cause similar toxic reactions (pyrogenicity, septic shock), it seems important to resolve their tertiary structure in addition to their chemical composition in order to find an explanation for their structure-function relationship.
Results of electron microscopy and X-ray diffrac tion on lipopolysaccharides [11] can be interpreted by a bilayer structure in an aqueous medium, with the hydrophobic hydrocarbon layers attached to each other. The following results have been obtain ed by comparing X-ray diffraction data from dried specimens of both Salmonella minnesota R 595 and Salmonella minesota S [12] . The monolayer of Sal monella minnesota R 595 with three KDO residues linked to lipid A has a thickness of 27 A, while the complete lipopolysaccharide of Salmonella minne sota S (Fig. 1) is 54.5 A thick. In either case the fatty acid chains of the lipopolysaccharides are hexagonally packed with a periodicity of 4.1 A.
Since the membran-forming lipopolysaccharide does not crystallize, a better resolution of its struc ture cannot be obtained by X-ray methods. Based on the known chemical composition, however, al lowed conformations for its carbohydrate moiety could be calculated, when fourteen rotation angles were considered for the carbohydrate moiety of the lipopolysaccharide in the cell wall of the mutant Salmonella minnesota R 595 ( Figs. 1 and 2 ). The result is almost unique because of considerable sterical restrictions.
Methods
To yield highly reliable atomic coordinates, crystallographic data of hexoses (in glucopyranosidic conformation), ester-, N-acetyl-, phosphate-, and carboxylgroups have been transformed to common rectangular coordinate systems and averaged. Table I gives the averaged atomic coordinates of fourteen hexoses in the glucopyranosidic conforma tion [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The C3-atoms are shifted into the 
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C7x U^L i / C°C s fc " 'c 6 v i ä l^c , origin, the positive X-axis directed towards the C5-atoms with the Q -atom s defining the first quadrant of the x /y -plane. The mean deviations of the atomic coordinates are less then 0.05 A.
The coordinates of the H-atoms were calculated by use of the standard C-C-H bond angle of 109.5° and a C-H bond length of 1.00 A.
Atomic coordinates o f the ester-and N-acetyl-group
Atomic coordinates of 12 ester groups [24] [25] [26] [27] [28] [29] [30] and of the N-acetyl group (similar to a peptide bond [31] , were taken from literature. The C -0 ester bond or the C-N amide bond, respectively, define the positive .v-axis with the carbonyl oxygen being in the x/z-plane. Again, the mean deviations of the atomic coordinates are less then 0.05 A.
Atomic coordinates o f the phosphate-and carboxyl-group
Using the distances and angles of the phosphodiester [32] [33] [34] [35] [36] and carboxyl groups [37] atomic coordinates for these groups have been calculated.
Conformation o f KDO
Periodate oxidation studies on KDO suggest a manno-configuration for the O-atoms of the shugar ring [38] . The absolute configuration of this O-atoms has yet to be determined [38] . In order to select for a reasonable conformation of the KDO residue, we first compared the a-and /?-anomers of its Cl and 1C form with the definition of Reeves [39] . Accord ing to this definition all axial substituents other then hydrogen introduce an element of instability. The bulky carboxylgroups C0O2 and the C6(OH)-C7 group should therefore occupy equatorial positions. This is only the case in the a-anomer of the Cl form and two possibilities with 0 1 and 0 3 [40] or Ox and 0 4 [38] in axial positions can be distinguished.
This conformation was consequently chosen for our calculations. Its atomic coordinates are close to those of N-acetylneuraminic acid [41] .
Conformation calculations
Specific energy calculations as a tool of determin ing molecular conformation of polypeptides and oligosaccharides have been used by Scheraga and his coworkers [42, 43] , While they had to consider detailed chemical interaction energies between mo lecular groups in order to obtain a sequence apecific chain folding it proved to be sufficient for determin ing the structure of the carbohydrate moiety of the liopolysaccharide, to calculate interaction energies in terms of van der Waals contacts only.
Allowed rotation angles (Fig. 2) of the carbohy drate moiety of the lipopolysaccharide of Salmo nella minnesota R 595 have been calculated separa tely (Tj. . . t 4) or in pairs (^, i//5) by Ramachandran type calculations [44] in the se quence of presentation. The hydrocarbon chains of the fatty acids were represented by their a-carbon atoms only.
To calculate the atomic coordinates due to the rotation around a chemical bond the axis of rotation was first shifted to the x-axis of a new coordinate system (Fig. 3) . The coordinates of the adjacent group of atoms could then be calculated by iterative use of suitable matrix operations describing step wise rotation around 10 degrees or less (where reso lution was to be increased). Rotations are defined positive when counter clockwise. For each confor mation, all atomic distances r^ were calculated and inserted into the Kitaigorodskii function for the interaction energy between non-bonded atoms [45] . E = 3.5 (-0.04/z6 + 8.6 x 103 exp ( -13 z)) [kcal/mol] with z = rij/r0, where r0 is the van der Waals distances between the atoms under consideration (Table II) 
Results
All rotation angles are defined in Fig. 2 . The re sults are summarized in Fig. 6. 
1) Rotation angles between the N-acetylglucosamine residue o f lipid A and KD O residue 1 (<p15 (//J and their dependence on the rotation o f the N-acetylgroup (*i).
The rotation freedom of <pr and y/1 is highly re stricted to a single conformation which could be determined by use of the coordinates of N-acetylglucosamine residue A and the KDO residue 1 only. Neglecting the protons, the energetically and sterically allowed region is given by values of ^ = 20° ± 10° and ^1 = 270° ± 10° (Figs. 4 and 5) . Intro ducing the coordinates of the H-atoms, the sterically allowed region is even smaller. Further considera tion of the rotation angle of the N-acetyl group con centrates the sterically allowed region to the angles tj = 4°, (f> x = 28°, and \\jx = 274°.* 
2) Rotation of the carboxylgroup at Cx o f KDO residue 1 ( t 2)
Using the positions of N-acetylglucosamine re sidue A and the KDO ring 1 as obtained in the previous section we found allowed conformations for t 2 = 100° ± 10° or t 2 = 280° ± 10°. Since the positions of the O-atoms of the carboxylgroup are nearly symmetrical with respect to the Cx -C0 bond, both values are equivalent.
3) Rotation angles o f the phosphate group at C4 of N-acetylglucosamine residue A (cp2, y/2)
As in the previous sections, the calculation for the rotation angles <p2 and has been based on the fixed conformation of the N-acetylglucosamine re sidue A and of KDO ring 1. As a first step we neglected the presence of the phosphate oxygen atoms and restricted the calculations to rotation (p2. We then found two allowed regions around <p2 = 190° ± 5° and (p2 = 330° ± 5°. Calculating the ro tation around y/2 in the next step we obtained three equivalent energy minima for each of the positions * (The diagrams for all calculations can be obtained from the authors.) of (p2 due to the threefold symmetry of the phos phate group.
(p2= 190° ± 5° ^2 = 40° ± 1 0°( p2 = 330° ± 5° y/2 = 70° ± 1 0°4
) Rotation angles o f the ester group at C6 o f N-acetylglucosamine A (<p3, y/3)
Restrictions for the position of the acetylgroup at C6 of N-acetylglucosamine due to the presence of the KDO residue 1 and the phosphate group are not severe: a wide range of positions with -300 ^ <p3 ^ 220° and -150° ^ y/3 ^ + 150° is allowed.
5) Rotation angles between the KDO residues 1 and 2 (?4> VÜ
Chemical sequence analysis gives two ways how to link KDO residues 1 and 2 [7] . a) If the KDO residue 2 is linked to 0 4 of KDO residue 1 in equatorial position (as assumed in Fig. 2) , an energetically and sterically allowed re gion is found at <p4 = 50° ± 30° and i//4 = 275° ± 15°. Taking into consideration the coordinates of the H-atoms, too, the sterically allowed region is confined to (p4 = 35 ± 15° and v 4 = 268 ± 8°. All atoms of KDO residue 2 are on one side of the plane through C1? C3, C5 of the N-acetylglucosamine residue A and do therefore not interfere with the hydrophobic region of the fatty acid chains on the other side of this plane. Linkage of KDO residue 2 to 0 4 of KDO residue 1 in axial Position is sterically not possible because of close contacts particularly between C6 of KDO 1 and the carboxylgroup of KDO 2. b) If the KDO residue 2 was linked to 0 3 of KDO residue 1 in axial position only regions around (p'4 = 30°, y/4 = 260° would be allowed in the absence of the N-acetylgroup A. If, however, the atomic coordinates of the N-acetylglucosamine resi due A are considered as well, forbidden interatomic distances of 2 A or less are found throughout, and the Kitaigorodskii energies are above zero for all pairs of <p4, y/4. Furthermore several atoms of KDO 2 would interfere with the hydrophobic region beyound the plane through Q , C3, C5 of the N-acetylglucosamine residue A. This is also the case, if KDO 2 would be linked to 0 3 of KDO 1 in equa torial position.
We therefore conclude that KDO residue 1 should be linked to 0 4 of KDO residue 1 in equa torial position.
6) Evaluation o f the rotation around C5-C6
o f KDO residue 1 ( t 3) Rotation of 0 6, C7, and the proton on C6 around the C5-C 6 bond of KDO residue 1 yields two allowed regions: t3 = 9 0°± 1 0° and t3 = 2 5 0°± 50°.
If in addition KDO residue 2 is considered, we are left with the second region which is now con fined to t3 = 230° ± 2 0°.
7)
Rotation angles between the KD O residues 1 and 3 (<p5, y/5, t 3, r4)
Analogous to the KDO 1 -KDO 2 -linkage, se quence analysis suggests two different ways to con nect KDO 1 and KDO 3 [7] , a) The KDO residue 3 is linked to the O-atom at C7 of KDO residue 1 as drawn in Fig. 2 . This link age involves the four rotation angles r3, r4, <pb, y/5. Allowed regions for the rotation angles q>5 and y/5 have been calculated by use of all KDO 3 atoms and the KDO 1 atoms C7, its protons, and C6: (p5 = 210° ± 1 0 0°, i//5 = 270° ± 10°. Using the values y/5 = 270° and t 3 = 2 3 0°± 2 0° a large range of the angles r4 and cp5 in acceptable: 8 0°^t 4^ 260°, 110° 31 <p5^ 290°. b) If the KDO residue 3 is linked to the O-atom at C6 of KDO residue 1, the linkage has three rota tion angles termed r3, cp'5, y/'. In this case rotation angles <p' 5 and y/'5 were first calculated by use of KDO residue 3 and the KDO 1 atoms C5, C6, its protons and C7. Then ranges around -6 0° ^ (p'5 ^ 120°, 2400 ^ y's -280° and <p' 5 = 330°, < = 110° have negative interaction energies and might be allowed.
If the atomic coordinates of N-acetylglucosamine and the KDO residues 1 and 2 are included, we are left with a small region only, which has an energy minimum at (p'5 = 270° ± 10°, y/'5 -250° ± 10°. In this case, however, we find forbidden interatomic distances below 2.8 A (van der Waals distance 3.2 A) from C7 of KDO 1 to C0 and Q of KDO 3. Though each of these distances has a positive Kitaigorodskii energy of about 0.03 kcal/mol, sev eral van der Waals contacts with negative energies cause the energy minimum.
As a consequence, we consider this second kind of linkage from KDO residue 3 to KDO residue 1 as more unprobable than the first one. Note that the linkage of KDO 3 via the O atom of C7 is facilitated by the introduction of one more rotational freedom.
Discussion
The calculation of allowed conformations of the carbohydrate moiety of a lipopolysaccharide of Salmonella minnesota R 595 has been based on atomic coordinates derived from literature data for pyranose rings, ester-, N-acetyl-, phosphate-, and carboxylgroups. As for the KDO residues, we based the calculations on the a-anomer of its C 1 form, which has been suggested to be the most probable one. Using the atomic coordinates of its separate components and the knowledge of their chemical links, possible conformations could be calculated for the carbohydrate moiety of the lipopolysaccharide.
At first sterically very unsuitable conformations were exclude by calculating a simple energy func tion. The succeeding sterical considerations however leave allowed regions in the Ramachandran dia gram surrounded by forbidden contacts. These al lowed regions are identical with the calculated energy minima. Hydrogen bonds were not consider ed, since they have no important influence on ster ical hindrance and environmental factors can only induce more sterical hindrance.
In Fig. 6 we provide a survey of our results. First we had to consider the rotations around the bonds between glucosamine residue A and KDO residue 1 (tpl , y/j) dependent on the rotation angle of the Nacetylgroup (tJ . Considerable sterical hindrance re stricts, the rotational freedom to just one conforma tion. Therefore, we could use the coordinates of the complete dissaccharide for all succeeding calcula tions.
The rotations of the carboxylgroup on KDO resi due 1 ( t 2) and of the phosphate group linked to glucosamine A (<p2, y/2) are highly restricted, too, while a large range of angles seems to be allowed for the ester group linked to glucosamine A (<p3, y/3) .
Two open problems of sequence analysis could be settled by our sterical calculations.
1) The linkage of KDO residue 2 to 0 4 of KDO residue 1 in equatorial position (<p4, y/4) is limited to a narrow range of allowed angles, while a linkage to 0 4 and 0 3 of KDO residue 1 in axial position is sterically not possible. Furthermore a linkage of KDO 2 to 0 3 of KDO 1 in axial or equatorial posi tion would cause interference of atoms from the carbohydrate moiety with the hexagonally packed fatty acid chains [12] of the hydrophobic part of lipopolysaccharide. The positions of <p4 and i//4 re strict the freedom of rotation around the axis C5-C 6 (r3) in KDO residue 1 considerably.
2) Linking KDO residue 3 to the oxygen atom of C7 of KDO residue 1 introduces four angles of rota tion ( r 3, t 4 , (pb and y/5), two of which ( t 4, cp5) should be freely rotatable through a wide range. The alter native connection via the oxygen atom on C6 of KDO residue 1, however, would involve a link of three bonds only. We still got one conformation with a negative Kitaigorodskii energy of the sum of interatomic interactions, yet two C ----C contacts would be forced well below their assigned van der Waals distances. Fig. 2 ).
Using the data of Fig. 6 an atomic model of the carbohydrate moiety of the lipopolysaccharide from Salmonella minnesota R 959 could be built (Fig. 7) . The sterically not hindered conformation, demon strated in this model should have a real probability of existence.
The compact hydrophilic carbohydrate moiety of this model of lipopolysaccharide does not interfere with the hexagonally packed fatty acid residues which form the hydrophobic part of the structure (Fig. 7 ).
An extension of the calculations to the core-and O-polysaccharides of other serotypes of Salmonella may lead to a sterical explanation of serological reactions 
